Introduction
A transformer is an electrical device that transfers electrical energy between two or more circuits through electromagnetic induction without changing the frequency and has no moving parts. Transformers can be classified in two main groups as dry-type (in ambient air) and oil-filled type in terms of insulation and cooling systems. Dry-type transformers are cooled by two basic heat transfer methods: air natural convection and air natural-air forced convection. Dry-type transformers are manufactured with cabins according to desired International Protection Marking standards (in this study, this is IP-31).
Convection is heat transfer due to bulk movement of molecules within fluids such as gases and liquids. Natural cooling is the result of decreasing density of heated air and movement in the opposite direction to gravity. This movement results in air reaching a certain velocity causing heat transfer by convection through the contact surfaces. As a result of this, the transformer is naturally cooled. Natural cooling is enhanced by leaving ventilation holes in the upper and lower parts of the cabin. The air that enters the bottom ventilation holes at ambient temperature heats up because of the energy loss of the transformer. The heated air moves to-wards the upper ventilation holes. While this cycle of movement goes on continuously, cooling of the transformer is ensured as a matter of course.
Designs of dry-type transformers are regulated by the standard IEC 70016-11. Ambient temperature values must be known in order to calculate the desired winding temperatures. It is not correct to assume that the temperature inside the cabin and the ambient temperature are equal for dry-type transformers. For this reason, determining the effect of the cabin geometry on the transformer's core temperature and choosing the most effective cabin geometry for optimum cooling performance is very important.
Literature review
Much research has been carried out on prediction of heat generation in the coils, and how the heat is distributed between them. Reviewed research articles that mention these matters can be presented in the following manner when briefly evaluated in terms of their main context.
Komurgoz and Guzelbeyoglu [1] analyzed the temperature distributions of the coils and core obtained by finite element method considering the cooling effect of the oil channels between the windings and the core. As well as the temperature distribution in the windings and the core, temperature distribution and movement of the surrounding air was also determined. The temperature level and the location of the hot spots were determined. The effect of air ducts on the coil temperature in constant and varying ambient conditions in dry-type transformers for different powers was analyzed by Lee et al. [2] who also compared calculated temperature values with the experimentally-measured temperature values.
Rahimpour and Azizian [3] , and Eslamian et al. [4] investigated the effect of temperature variations on the coils with different numbers of air ducts in dry-type transformers. The effect of eddy losses and radiation on the temperature of the coil was also investigated. Moreover, it was proven that the paper bands used in coils have no effect on temperatures [3] . Dry-type transformers were investigated by Eteiba et al. [5] in terms of the temperature distributions of coils and cores at different ambient temperatures. The effect of air ducts with different dimensions on the temperatures of windings was also investigated.
A thermal model of the oil-filled-type transformer for oil natural convection cooling system was created and the determined values were compared with the test results from an identical transformer by Gastelarrutia et al. [6] . The temperatures and velocity distributions obtained from the calculations are visually specified in the sections taken from the transformer model. Cremasco et al. [7] studied the heat and flow analysis of a dry-type transformer, which was cooled by means of a fan in a cabinet. The CFD and thermal/pressure network models were used in the analysis and the results were compared. As a result of these obtained values, the aim was to optimize the cooling systems.
In 1994, Pierce [8] studied ventilated dry-type transformers and found that hottest spot allowances in IEEE standards for transformers larger than 500 kVA are too low and should be revised. He also developed a mathematical model to predict hottest spot temperature rises in ventilated dry-type transformers. Pierce [8] used a system of finite difference nodal equations to estimate hottest spot temperatures and revised the model using six layer test windings and a 2500 kVA prototype transformer.
Tripathi et al. [9] have obtained the temperature distributions of air in the room because of changing the input speeds and room dimensions (aspect ratio) for a closed room. Reynolds number and Gr/Re 2 numbers were modified for three different aspect ratios for the room and as a result the streamline and isotherm charts of the room were obtained.
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Hannun et al. [10] have studied to increase the cooling performance of a 250 kVA oiltype transformer by means of the earth-air heat exchanger (EAHE) method. Here, the EAHE method was compared with the results of the study using the previously made nanofluid and pure oil. As a result of this study, it was seen that the EAHE method provides more efficient cooling. Also, the pipe diameters and air inlet velocities used in EAHE method were investigated to see the effect of transformer on cooling performance.
Materials and method
This phase can be evaluated in the following stages: -Deciding on the basis of the model. 
Mathematical model
The mathematical model for the thermal analysis of a cast resin dry-type transformer was developed to obtain the temperature distribution in the cabin. Some mechanical parts, such as clamps and bolts, were ignored in the model for simplification of the model and experimental set-up.
The structure of a transformer is complex, and some assumptions are required. For the aspect of heat analysis, four main components of the transformer can be considered: iron core, low voltage coils, high voltage coils, and air ducts. With this simplified structure, heat transfer fundamentals can be assessed as follows.
Accordingly, the general equations for the temperature distribution and fluid motion in the transformer are shown below. Equations are derived from the conservation laws in steady-state 3-D [11, 12] : -mass conservation equation 
where 
The numerical simulation of heat transfer was carried out with ANSYS 14.5. A 3-D view of a three-phase cast resin dry-type transformer is used in the analysis [13] .
To solve conservation equations, many boundary conditions must be applied to the surfaces of the model. Winding losses, convection and radiation relations are used to obtain a complete graph of the temperatures at every location in the model. In natural convection problem solutions, temperature and velocity of fluid are interdependent, so all basic equations are iteratively and simultaneously solved. From the solution of the equations, it is possible to determine the heat transfer coefficients between the surfaces and the fluid, to obtain the flow fields and to find the temperature fields of the whole system as solids and fluids.
Natural convection: The heat transfer rate of convection is obtained using the equation below [12] : The theoretical equations for convective heat transfer are quite complex [11, 12] . The resulting transport equations are usually experimentally-obtained formulations. These formulations are not essential here. The main equations used in the natural convection heat transfer are as follows:
Heat transfer coefficient, h:
Grashoff, Rayleigh, and Prandtl numbers:
where g [ms Radiation: Outer surface is a vertical cylindrical surface and can be assumed as a vertical plate. Two types of heat transfer can occur on the outer surface, including radiation and natural convection.
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For the outer surface, radiation can be expressed using the equations [11, 12] 
The CFD analysis using FLUENT
In the analysis, firstly a 3-D model of the internal volume which is the gas for the fluid analysis is created. For creation of this model, designed solid volumes were subtracted from the total volume of the cabin rather than the volume defining the boundary conditions. AUTODESK INVENTOR software was used for all these stages, see fig. 1 .
The created 3-D mesh structure is presented in fig. 2 . The mesh structure plays an important role in the calculations. The mesh elements are volume and they are defined and placed semi-automatically by the ANSYS/FLUENT software. The mesh structure of the problem is prepared using the curvature size function. Mesh structure is mostly composed of tetrahedral mesh. A total of 7293011 elements and 1599753 points are used in the model. Figure 3 shows temperature distribution in the cabin. Knowing these distribution and temperature values are important before manufacturing the transformer and its cabin. These predicted parameters improve the design and shortened the test times. In this regard, FLUENT (ANSYS) was chosen among possible software programs as it is proven to be successful and accepted. Then, the values of these boundary surfaces were determined and entered into the program for the analysis. When entering the limit surface, the measured values of a similar previously-manufactured transformer are used (250 kVA 11/0.4 kV Dyn11 BEST dry-type transformer).
Following the construction of this model design and determination of the requirements for the CFD analysis, the following sample forms for gradients of internal volume air temperatures, figs. 4(a) and 4(b), were observed. 
Experimental set-up
In order to verify the success of the model, a real cabin was prepared by considering the actual transformer dimensions and design. For design and construction of the experimental set-up, measurements are intended to be made easily and to form the closest values to the true temperatures. It is assumed that most of the losses that occur here (eddy losses and noise losses are neglected) are converted to heat. Three quartz resistances (each 1 kW) were used to represent the cores and they were placed in the specially-designed cylindrical volumes. These cylindrical volumes also have the actual dimensions of the winding volume and are shaped with suitable geometries to allow heat flow in the upper and lower cores. Thermocouple sensors were also attached to the tensioned 0.3 mm diameter wires that were connected to the co-ordinates of the specified points to form each measurement range, and the measurements continued every 30 seconds until the system temperature values became stable. The appearance of the data collection devices (HOBO data logger) and thermocouples is shown in figs. 6 and 7.
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Numerical analysis and experimental results
For certain co-ordinates, the experimental values and numerical values could be compared with fig. 8 and tab. 1. This comparison verifies the thermal model and its analysis. So, these verifications indicate that design and manufacturing of the system can be supported and improved with the CFD analysis. This study has shown that when the CFD analysis and the experiments can be performed correctly, the results can be taken into consideration and used for design and improvements. However, in order to be able to test each cabin according to the experiment, approximately 480 (6 × 10 × 8) points were measured in spite of symmetry acceptance. This was completed with 60 measurements. Approximately 45 minutes of measurement 
Conclusions and further studies
As a result of this CFD analysis and experimental work, the variation of temperature distributions in the cabin was determined for a dry-type transformer with cabin. The obtained CFD analysis data and the experimental data comply with each other. It offers important indications that CFD analysis can be a significant contributor to transformer cabin design with new dimensions and specifications and may be a decisive step in decision-making. Thus, cabin design can be completed in a shorter time, and only with the last analysis. In addition, studies may be recommended for further work to ensure a more efficient natural flow by modifying the design and geometry of the cabin (cabin roof, air inlet and outlet locations).
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